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Introduction 21
Phenotypic evolution is biased by the mechanisms that link genetic variation to phenotypic 22 variation, i.e. the genotype-phenotype map (Alberch 1991) . Mechanisms linking genotype and 23 phenotype are characterized by both robustness and flexibility. Robust developmental processes 24 buffer phenotypes from noise such that multiple transcriptional, biochemical, or cellular network 25 configurations may give rise to similar organismal phenotypes while flexibility in these processes 26 nonetheless allows for phenotypic plasticity in response to environmental conditions (Wagner 27 2011; Gutierrez et al. 2013 ). The complex nature of the genotype-phenotype map makes it 28 challenging to understand how mechanistic properties facilitate or constrain adaptive evolution. 29
In this study, we combine studies of phenotypic plasticity and parallel adaptation across 30 independent lineages to assess how mechanistic biases shape evolutionary trajectories across 31 timescales. 32
One feature of biological networks that may channel divergence into particular paths is 33 environmentally induced plasticity. The relationship between phenotypic plasticity and genetic 34 divergence is of long-standing theoretical and empirical interest. On the one hand, plasticity may 35 constrain adaptation by allowing successful phenotypes to be attained without genetic change, 36 effectively shielding organisms from selection (Price et Parallel evolutionary transitions can also reveal biases in mechanisms of evolution. Similar 46 mechanisms underlying parallel evolutionary transitions suggest the genotype-phenotype map is 47 constrained by limited ways possible to construct adaptive phenotypes, whereas non-shared 48 mechanisms suggest that mechanistic versatility may facilitate adaptation. One potential 49 consequence of biological robustness is that variation affecting the function of most individual 50 genes will have minimal phenotypic consequences, and only variation in a small number of key 51 genes will alter organismal phenotypes. In this case, phenotypic evolution may rely repeatedly on 52 a limited number of mechanistic 'paths', those that yield the greatest phenotypic responses. 53
Indeed, compelling examples demonstrate that similar phenotypes share underlying neural, 54 demonstrate versatility in underlying mechanisms suggesting that different biological 'solutions' 57 can give rise to shared phenotypes in closely related species, among populations of the same 58 species, or even among individuals of the same population (e.g. Abouheif In the present study, we take advantage of independent lineages of Trinidadian guppies 64 (Poecilia reticulata) to explore patterns of versatility and constraint in brain gene expression during 65 parallel phenotypic evolution. Guppies have become a model system in ecology and evolutionary 66 biology due to repeated, independent adaptation of natural populations to distinct predation 67 environments (Haskins et al. 1961; Endler 1995 adaptive phenotypic differences between populations and rearing environments remain largely 78 unexplored. A single study characterizing brain gene expression during the earliest stages of 79 adaptation following colonization of low-predation environment found a negative relationship 80 between phenotypic plasticity and adaptive divergence (Ghalambor et al. 2015) . 81
Here, we compare the effects of genetic background and rearing environment on gene 82 expression levels in the brain across two parallel, independent evolutionary lineages of guppies 83 that diverged at least 600,000 years ago (Fajen and Breden 1992; Willing et al. 2010 ). We 84 examine transcript abundance in the brain given previous evidence for behavioral plasticity in our 85 focal populations (Fischer et al. 2016b ) and because the previous gene expression study in 86 guppies used brain tissue (Ghalambor et al. 2015) . We examined the relationship between 87 developmental plasticity and genetic divergence and characterized the evolution of plasticity in 88 brain gene expression between independent guppy lineages. If only a few transcriptional 89 configurations can give rise to shared adaptive behavioral phenotypes, we expect parallel 90 adaptation to low-predation habitats to be characterized by parallel evolution in a set of largely 91 shared genes. In contrast, if transcriptional mechanisms of behavior are versatile, we expect gene 92 expression divergence in largely non-overlapping gene sets. Taken together, our results allow us 93 to assess the predictability of transcriptional mechanisms of adaptation across timescales. 94 95
Material and Methods 96
Fish collection and rearing 97
We established lab populations of guppies from high-and low-predation populations pairs 98 collected from the Aripo and Quare river drainages in 2012 and 2014, respectively. To maintain 99 the genetic variation of the original wild-caught fish, we established 20 -30 unique family lines 100 from each population (i.e., for each generation a single female from each family was crossed to 101 a single male from another family) (Reznick and Bryga 1987) . To minimize environmental and 102 maternal effects, we used second-generation lab born fish from these unique family lines in this 103 study. At birth, we split second-generation siblings into rearing environments with (pred+) or 104 without (pred-) predator chemical cues, and they remained in these environments until the 105 completion of the experiment (as in Fischer et al. 2016b ). We used only mature males in this 106 study. To maximize the range of genetic variation captured among focal fish, all males in a given 107 experimental group (i.e. population and rearing environment) were from distinct families. Figure  108 S1 shows an overview of our experimental design and interpretation of comparisons. 109
All guppies were individually housed in 1.5 liter tanks on a 12:12 hour light cycle at 110 Colorado State University. Fish were fed a measured food diet once daily, receiving Tetramin™ 111 tropical fish flake paste and hatched Artemia cysts on an alternating basis. Prior to tissue 112 collection for this study, behavioral and hormone data were collected in an identical fashion for all 113 males and these results are reported elsewhere (Fischer et al. 2016b We collected brain tissue from the Aripo and Quare lineage males described above in 119 2013 and 2015, respectively. To standardize any effects of recent experience, behavior, and 120 circadian rhythm on gene expression, we collected whole brains within 10 minutes of lights-on. 121
We interpret our transcriptional data as baseline, in the sense that fish were minimally stimulated 122 prior to tissue collection such that expression levels should reflect genetic background and 123 developmental experience more strongly than responses to immediate environmental context. 124
Fish were anesthetized by immersion in ice water followed by rapid decapitation. Whole brains 125 were removed, flash frozen in liquid nitrogen, and stored at -80°C until further processing. Tissue 126 collection took <2 minutes, rapid enough to minimize changes in gene expression from handling 127 and dissection. 128
We extracted total RNA from brain tissue using the Qiagen RNeasy Lipid Tissue Mini Kit 129 (Qiagen, Germany) following manufacturer guidelines. We prepared separate sequencing Given rapid advancements in sequencing technology and our larger, more deeply 142 sequenced dataset, we chose to construct a new transcriptome for the present study rather than 143 using that used in Ghalambor et al. (2015) . We received 465 million 100-bp paired-end reads that 144 passed the HiSeq quality filter, averaging 11 million reads per sample. We used Rcorrector to 145 amend Illumina sequencing errors (Song and Florea 2015) and removed adapter sequences and 146 trimmed reads for high-quality sequence using Trim Galore! (Babraham Bioinformatics, 147
Babraham Institute). Following developer recommendations, we used a quality score of 33, a 148 stringency of 5, and a minimum read length of 36bp. We pooled corrected, trimmed reads from 149 all individuals prior to transcriptome construction using Trinity (Grabherr et al. 2011; Haas et al. 150 2013) . We used only the initial Aripo dataset to construct our high-quality transcriptome but note 151 that all populations had a similarly high percentage of transcripts mapping back to the final 152 transcriptome (see below). 153
Our initial assembly contained 411,043 transcripts (N50 = 2,025). To improve assembly 154 quality, we filtered the assembly by clustering overlapping transcripts and retained only those 155 transcripts longer than 250bp. We then annotated transcripts by blastx queries against SwissProt 156 annotated this filtered assembly using Trinotate (trinotate.github.io). Our final assembly contained 159 54,608 transcripts (N50 = 4,106) representing 23,619 presumptive genes. We used BUSCO 160 (Simão et al. 2015) to assess assembly completeness based on conserved ortholog content 161 across highly conserved vertebrate genes. BUSCO analysis estimated assembly completeness 162 at 86%. We aligned corrected, trimmed reads from both datasets to our final assembly and 163 estimated their abundance using Kallisto (Bray et al. 2016 ). On average, 70% of sequences per 164 individual mapped back to our final reference transcriptome. We performed all subsequent 165 analyses at the gene, rather than transcript, level to avoid issues introduced by our incomplete 166 understanding of sequence and regulatory variation among populations. 167
168
Data filtering and screening 169
Preliminary cluster analyses revealed retinal contamination in a subset of our Aripo 170 dataset brain samples. While opsins are expressed at low levels in the brain, the very high 171 expression levels (>10,000 copies) in three samples pointed to retinal contamination. To deal with 172 this issue, we devised a sample filtering and screening procedure to remove genes in which 173 expression differences between samples were likely dominated by retinal contamination. Briefly, 174
we used contigs annotated as known retinal genes (Rhodopsin, red/green-sensitive opsins, blue-175 sensitive opsins) as seed contigs to identify other contamination-related transcripts based on high 176 positive correlations of expression levels with seed genes. We calculated the gene-wise sum of 177 correlations between candidate genes and seed genes and performed multiple hypothesis testing 178 based on a false discovery rate (FDR) controlling procedure. The nominal level of FDR was set 179 to a=0.2 to remove presumptive contaminant contigs. Using this approach, we identified 1,151 180 contigs as presumptive retina-enriched genes (~ 3% of all contigs in our final assembly) which we 181 removed from all subsequent analyses in both datasets (Table S1 ). More detailed descriptions of 182 statistical procedures are in the Supplemental Methods. 183 184
Differential expression analysis 185
Due to differences in timing of fish rearing, sample processing, and sequencing, we did 186 not combine Aripo and Quare datasets for statistical analysis but instead performed analysis in 187 an identical fashion for both drainages and conducted separate analyses to explicitly compare 188 patterns across drainages. Because standard differential expression analysis packages could not 189 accommodate the random effects in our experimental design (see below), we performed 190 differential expression analysis using a modified pipeline. We normalized read counts using 191 DESeq2 in R (Love et al. 2014) and performed differential expression analysis using the lme4 192 package in R (github.com/lme4). Count data were modeled using a generalized linear mixed 193 model with negative binomial distribution. We included population of origin, rearing environment, 194
and their interaction as fixed effects. In addition, we included family (siblings split across rearing 195 environments) and week (tissue was collected from animals in balanced blocks across multiple we used chi-square tests of independence to test for greater than chance overlap in the number 210 and expression concordance of transcripts based on (1) population and rearing effects within a 211 single drainage, and (2) differentially expressed transcript sets between the two datasets. Within 212 drainage, we compared the direction of genetic and plastic expression changes in all transcripts 213 differentially expressed based on population of origin, even if these transcripts were not 214 differentially expressed based on rearing environment. We reasoned that even subthreshold 215 expression changes in response to rearing environment could affect expression divergence 216 propensity. We used log-fold expression changes in transcript abundance to determine whether 217 transcript expression differences were in the same (e.g. upregulated in high-predation and in 218 response to rearing with predator cues, or down-regulated in response to genetic and 219 environmental exposure to predation) or opposite directions (e.g. upregulated in high-predation 220 populations, but down-regulated in response to rearing with predators, or vice versa). 221
Between drainages we compared those transcripts significantly differentially expressed 222 based on population of origin in both drainages (i.e. the intersection of population DE lists) as well 223 as those transcripts significantly differentially expressed in either drainages (i.e. the union of 224 population DE lists). We again used log-fold expression changes to call expression differences 225 as being in the same of opposite direction in high-predation as compared to low-predation 226 populations in both drainages. We excluded all transcripts with significant interaction effects from 227 the lists of population and rearing DE transcripts used in these analyses, as characterizing simple 228 effects of population and rearing is inappropriate when an interaction is present and we therefore 229 explored transcripts with significant interaction effects separately (see below). 230 231
Analysis of transcripts with significant interaction effects 232
Based on post hoc differences between rearing environments within a population 233 (p<0.05), we grouped transcripts with statistically significant interaction effects into categories 234 
Impacts of population of origin and rearing conditions on brain transcript abundance 249
In the Aripo drainage, 659 transcripts were differentially expressed (DE) between high-250 and low-predation populations, 738 genes were differentially expressed between pred-and pred+ 251 fish, and 465 transcripts had interaction effects ( Fig. 1; Table S2 ). Differentially expressed 252 transcripts were enriched for GO categories related to metabolic processes, immune function, 253
and nervous system development. In the Quare drainage 4,951 transcripts were differentially 254 expressed between high-and low-predation populations, 200 genes were differentially expressed 255 between pred-and pred+ fish, and 393 transcripts had interaction effects ( Fig. 1; Table S3 ). 256
Differentially expressed transcripts were enriched for GO categories related to metabolic 257 processes, immune function, and macromolecule transport. Complete results of GO enrichment 258 analyses for population of origin, rearing, and interaction effects are in the Supplemental Materials 259 (Tables S4 & S5) . 260
While we cannot rule out some influence of technical variation, we found no evidence for 261 differences in sequence quality, read alignment statistics, or variance in transcript abundance to 262 suggest the greater number of differentially expressed transcripts in the Quare drainage was of 263 technical origin. Nor did we find evidence that identification of Figure 1. Summary of differential expression analyses. We identified many transcripts in both the Aripo (left) and Quare (right) drainages whose expression levels differed based on evolutionary history of predation (population of origin; orange), developmental experience of predation (rearing; yellow), and their interaction (grey). Transcripts with significant interaction effects were removed from analyses of population and rearing effects and analyzed separately for patterns in the evolution of plasticity.
In both drainages, the sets of transcripts with main effects of population of origin and of 275 rearing environment overlapped more than expected by chance ( Fig. 1 ; Aripo: 24 transcripts, 276 χ 2 =24.109, p=0.0065; Quare: 25 transcripts, χ 2 =66.413, p=0.0005; transcripts with interaction 277 effects excluded from analysis). Given this non-independence of population and rearing 278 expression differences, we asked whether the direction of expression plasticity predicted gene 279 expression divergence between populations. We did so for all population DE transcripts 280 regardless of whether plastic expression differences were significant or not, reasoning that even 281 small expression changes in response to rearing environment could influence divergence 282 propensity. We found no significant relationship between the direction of population divergence 283 and rearing expression in either drainage, with approximately 50% of transcripts showing 284 population and rearing expression changes in the same direction and 50% showing genetic and 285 plastic expression changes in opposite directions in both drainages (Fig. 2) . 286 Figure 2 . Relationship between plasticity and expression divergence. We found no relationship between evolved expression divergence and the direction of plastic expression differences: approximately half of genes differentially expressed between high-and low-predation populations have the same directions of plasticity and divergence (grey circles) and half have opposite directions (white circles) in both the Aripo (top) and Quare (middle) lineages. The number of transcripts in each quadrant is indicated on the graphs. Only those transcripts with statistically significant expression differences based on population of origin and rearing environment are plotted.
To examine the evolution of expression plasticity, we grouped transcripts with significant 288 interaction effects into one of five categories: assimilated, accommodated, reversed, evolved 289 plastic, or unclassified. We found many transcripts that exhibited plasticity evolution, with all five 290 categories represented in both datasets (Fig. 3) . In the Aripo drainage 100 (28%) transcripts 291 showed patterns of expression assimilation, 149 (41%) transcripts showed patterns of expression 292 accommodation, 61 (17%) transcripts exhibited reversed plasticity, and 52 (14%) transcripts 293 evolved plasticity in the derived population. In the Quare drainage, 84 (32%) transcripts showed 294 patterns of expression assimilation, 51 (19%) transcripts showed patterns of expression 295 accommodation, 57 (22%) transcripts exhibited reversed plasticity, and 72 (27%) transcripts 296 evolved plasticity in the derived population (Fig. 3) . 297
Figure 3. Evolution of transcript expression plasticity. (A)
We grouped transcripts with significant interaction effects into one of four categories based on patterns of evolution in expression plasticity: (1) Assimilated: plasticity in the ancestral high-predation population but a loss of plasticity in the derived low-predation population; (2) Accommodated: a change in the degree, but no the direction, of plasticity in the derived as compared to the ancestral population; (3) Reversed: opposing directions of plasticity in high-versus low-predation populations; (4) Evolved plastic: no plasticity in the ancestral high-predation population but an emergence of plasticity in the derived low-predation population. We categorized remaining transcripts that had a significant main interaction effect, but no significant post hoc rearing differences as unclassified. Adapted from Renn & Schumer (2013) . (B) All categories were represented in both datasets. drainage (i.e., population main effect but no interaction effect), 156 were overlapping between 300 drainages (Table S6 ), more than expected by change (χ 2 =12.705, p<0.0001). However, the 301 direction of expression divergence was not predictably associated in the two drainages (χ 2 =0.909, 302 p=0.422): 47% had expression changes in the same direction and 53% had expression changes 303 in opposite directions between the two drainages (Fig. 4A ). Nor did we find an association of 304 expression direction between lineages when we considered the larger collection of transcripts 305 differentially expressed between populations in either drainage (χ 2 =2.583, p=0.109) (Fig. 4A) . 306
We performed the same analysis for the rearing DE transcripts in both datasets and found 307 only four transcripts overlapping between drainages (Table S7) , marginally more than expected 308 by chance (χ 2 =3.992, p=0.069), all with expression in opposite directions (Fig. 4B ). When we 309 considered the larger collection of transcripts differentially expressed between rearing 310 environments in either drainage, we found an overrepresentation of transcripts expressed in 311 opposite (64%) as compared to the same (36%) direction (χ 2 =53.90, p<0.0001) (Fig. 4B ). Finally, 312 because parallel adaptation could repeatedly target similar cellular processes and pathways even 313 if individual transcripts don't overlap, we also compared overlap in GO terms enriched in 314 population and rearing comparisons across drainages. We found four overlapping GO terms 315 among those enriched in population DE transcripts in both lineages: biosynthetic processes 316 (GO:0009058), cellular response to abiotic stimulus (GO:0071214), cellular response to toxic 317 substance (GO:0097237), and regulation of lipid kinase activity (GO:0043550). We found no GO 318 terms overlapping between lineages among those GO terms enriched in rearing DE transcripts. 319 Figure 4 . Overlap in population and rearing expression differences across evolutionary lineages. (A) Of the transcripts differentially expressed based on population of origin, 156 were overlapping between drainages. Of these, 73 were concordantly differentially expressed (i.e. genetic expression divergence in the same direction; dark orange circles) and 83 were not (i.e. genetic expression divergence in opposite directions; light orange circles), no different than expected by chance. (B) Of the transcripts differentially expressed based on rearing environment, four were overlapping in the two drainages. Of these all were non-concordantly differentially expressed (yellow circles), marginally more non-concordance than expected by chance. The number of differentially expressed transcripts in each quadrant is indicated on the graphs and transcripts differentially expressed in one but not both drainages are shown in grey. environment across repeated, independent evolutionary lineages in guppies. Within lineages, we 322 observed phenotypic plasticity in expression patterns as well as the evolution of gene expression 323 plasticity between high-and low-predation populations. Although plastic transcripts were more 324 likely to exhibit population differences in expression, we found no relationship between the 325 direction of plastic change and evolutionary divergence. Comparing across lineages, we found 326 largely non-overlapping gene sets and no evidence for an association in the direction of 327 expression divergence associated with parallel phenotypic divergence, suggesting that 328 transcriptional versatility is associated with parallel phenotypic adaptation in guppies. 329 330
Impacts of plasticity in transcript expression on evolution 331
A growing number of studies have used transcriptome and proteome surveys to address 332 the long-standing debate on the role of plasticity in evolution, with contrasting results favoring 333 alternative hypotheses that adaptive ( Ho and Zhang 2018) plasticity facilitates adaptation. We recently proposed that non-adaptive 337 plasticity dominates during the earliest stages of rapid evolution, and that adaptive plasticity may 338 contribute to subsequent fine-tuning of phenotypes (Fischer et al., 2016) . In line with this 339 prediction and our previous findings, we report here that the strong signature of non-adaptive 340 plasticity in brain gene expression observed in guppy populations recently introduced to low-341 predation environments (Ghalambor et al., 2015) is not present in either of our natural, long-342 established low-predation populations. Experimental design differences preclude a direct 343 comparison, as we considered patterns in all transcripts exhibiting significant expression 344 divergence, while Ghalambor et al. (2015) focused their analyses on those transcripts for which 345 evidence of selection was strongest (i.e. those with concordant differential expression in three 346 low-predation populations from the same drainage, all assayed simultaneously and sharing a 347 common ancestral population). The lack of association between the direction of plasticity and 348 genetic divergence in our study highlights the need to directly test how ancestral plasticity relates 349 to divergence throughout successive stages of adaptation to novel environments. 
